Introduction
Glycan synthases are a group of glycosyltransferases that catalyze the repetitive addition of sugars to growing glycan chains. They are ubiquitous enzymes involved in the biosynthesis of the most abundant polysaccharides in nature. Typical examples are the synthases that polymerize structural polysaccharides, such as cellulose and chitin, or storage carbohydrates, like glycogen or starch. Glycan synthases are also responsible for the synthesis of extracellular polysaccharides in a large number of bacterial species. Their products have essential biological functions, and some of them are widely used for commercial applications (see, for instance, Engelhardt, 1995) .
Despite the importance of these polysaccharides, the mechanisms of biosynthesis of many of them remain to be elucidated. To understand these mechanisms, it is necessary to characterize the corresponding synthases, which are generally difficult to study because they are essentially membrane-bound proteins that contain transmembrane domains (see, for instance, Delmer, 1999) . The isolation of these enzymes requires the use of detergents that generally yield unstable preparations. However, in vitro activities can be assayed in many cases, primarily owing to the use of radioactive substrates. The assays consist of measuring the levels of incorporation of radioactive monosaccharides into the newly synthesized polysaccharides, which can be subsequently identified by testing their sensitivity to glycoside hydrolases. This approach involves purified and highly specific hydrolytic enzymes that are either expensive or commercially unavailable. The use of enzyme preparations that are not substrate-specific or that may contain contaminating hydrolytic activities can be misleading. This problem is of particular importance for the study of synthase fractions, which contain different glycosyltransferases that use the same sugar donor to synthesize polymers with relatively subtle structural differences. For instance, cellulose and (133)-b-D-glucan (callose) synthases, which are both present in plant plasma membranes, use the same substrate, UDP-glucose (Delmer, 1999) . Because commercial preparations of cellulases may be contaminated with (133)-b-Dglucanases and vice versa, the distinction between the (133)-b-D-glucan and cellulose synthesized in vitro is not always easy to achieve with enzymatic approaches.
Undoubtedly though, the major problem in the study of polysaccharide synthases is that very small quantities of productÐtypically tens or hundreds of microgramsÐare synthesized in vitro by these enzymes. Consequently, it is difficult to obtain a detailed structural characterization of the polysaccharide using physical and chemical techniques, which require milligram amounts of polymer. (133)-b-DGlucan synthases, which can be extracted from plasma membranes of various organisms in a highly active form, represent the only examples where a detailed structural characterization of the products synthesized in vitro was made possible using a series of physical and chemical methods (Bulone et al., 1995; Lai Kee Him et al., 2001 Pelosi et al., 2003) . However, even in the case of these enzymes, accumulation of milligram amounts of polymer remains tedious. Research on glycan synthases would therefore benefit from a simple and sensitive method that would allow unequivocal structural characterization of enzyme products. Here we describe the development of such a method, which is based on the use of 13 C-enriched substrates and 13 C-nuclear magnetic resonance (NMR) spectroscopy.
Results and discussion

Synthesis of UDP-D-[U-
13 C]glucose
The method presented was optimized using a cell-free extract from blackberry (Rubus fruticosus) as a source of glucan synthase and a UDP-glucose molecule that contains a uniformly 13 C-enriched glucosyl residue as the enzyme substrate. Such 13 C-enriched substrates are not commercially available, but the general synthesis of glycosyl-1-phosphate has been described (Sabesan and Neira, 1992) , as well as chemical and enzymatic procedures that allow the conversion of glycosyl-1-phosphate to sugar nucleotides (Hanessian et al., 1998; Wong and Whitesides, 1994) .
Our strategy for the synthesis of UDP-D-[U-13 C]glucose was adapted from these protocols and is summarized in Figure 1 . The D-[U-
13 C]glucose-1-phosphate was synthesized in a five-step reaction and subsequently coupled to uridine monophosphomorpholidate under catalytic conditions (Wittmann and Wong, 1997 , and references cited therein). The overall yield of UDP-D-[U-
13 C]glucose recovered after gel filtration was 50%.
Identification of the 13 C-enriched nucleotide sugar by 13 C-NMR spectroscopy was challenging. In particular, the 13 C-NMR spectrum revealed only the 13 C-labeled glucose moiety, whereas the 1 H-NMR spectrum was dotted with complex multiplets resulting from heteronuclear coupling interactions ( 13 C± 1 H and 1 H± 31 P). However, this problem could be solved by 13 C decoupling during 1 H acquisition to yield a spectrum similar in all respect to the one previously reported for an unlabeled UDP-glucose molecule (Hanessian et al., 1998) (data not shown). The identity of the UDP-D-[U- 13 C] glucose was confirmed by electrospray ionization mass spectrometry (ESI-MS) and thin-layer chromatography (TLC) analyses, as indicated in the Materials and methods section (data not shown).
In vitro synthesis of (133)-b-D-glucan and structural characterization by 13 C-NMR spectroscopy Plant (133)-b-D-glucan synthases catalyze the repetitive transfer of glucose from UDP-glucose to form a linear polymer (Figure 2 ). The requirement of a primer to initiate polymerization has not been demonstrated for these enzymes and synthesis of (133)-b-D-glucans occurs in vitro without adding any primer in the reaction mixture (Bulone et al., 1995; Lai Kee Him et al., 2001 Pelosi et al., 2003) . In the present study, the conditions previously established in our group were used for in vitro synthesis of (133)-b-D-glucan from detergent extracts of blackberry cell membranes (Lai Kee Him et al., 2003; Pelosi et al., 2003) . The use of radioactive substrate (UDP-D-[U-14 C]glucose) showed that 6 ml taurocholate extract allowed the incorporation of a total of 600 nmol of glucose in the product synthesized in vitro, which is equivalent to 97.2 mg glucose. Such amounts of radioactive polysaccharide are largely sufficient for the biochemical characterization of the newly synthesized polymer using glycoside hydrolases. However, they do not allow a detailed structural characterization using a combination of complementary physical and chemical techniques, which require at least 10 mg of polymer (Bulone et al., 1995; Lai Kee Him et al., 2001 Pelosi et al., 2003) . In vitro synthesis of several milligrams of polysaccharide is tedious and cannot be performed on a large number of samples. The method developed here demonstrates that structural characterization is now possible when a limited amount of product is available. This is C]glucose. This amount of product could be synthesized in a single reaction, using 6 ml taurocholate extract, that is, the equivalent of 12 g of fresh cells. These observations demonstrate that the method described can be performed from relatively low amounts of fresh biomass that can be easily obtained from any suspension culture of plant cells. 
Structural analysis of in vitro polysaccharides
The 13 C-NMR spectrum presented in Figure 3A contains six signals recorded as multiplets due to homonuclear 13 C± 13 C coupling interactions. The occurrence of multiplets indicates that the polysaccharide analyzed was fully enriched in 13 C and, consequently, that it was synthesized de novo. The spectrum is characteristic of a strictly linear (133)-b-D-glucan for which resonance peaks are expected at 61.0, 68.5, 72.9, 76.4, 86.3, and 103 .1 ppm for C6, C4, C2, C5, C3, and C1, respectively (Kogan et al., 1988; Saito et al., 1979) . It is comparable to those obtained for well-characterized (133)-b-D-glucans (Kogan et al., 1988; Saito et al., 1979) and for in vitro (133)-b-D-glucans synthesized by plant enzymes (Bulone et al., 1995; Lai Kee Him et al., 2001 , 2002 or by enzymes from the oomycete Saprolegnia monoõ Èca . The spectrum shown in Figure 3A was recorded using a solution that contained 100 times less (133)-b-D-glucan than required for the same experiment performed on a nonenriched product (Bulone et al., 1995; Lai Kee Him et al., 2001 , 2002 Pelosi et al., 2003) . Further, the spectrum was obtained after only 20 min accumulation, compared with 6±7 h for a nonenriched polysaccharide. Thus, the use of 13 C-enriched UDP-glucose as a substrate substantially increases the sensitivity of 13 C-NMR spectroscopy. Interestingly, solid-state 13 C-NMR spectroscopy, which usually requires a minimum of tens of milligrams of sample, could be used to characterize the in vitro product synthesized from UDP-D-[U- (Saito et al., 1989) , and the spectrum is typical of dried native (133)-b-D-glucans . The possibility of using solid-state NMR spectroscopy for characterization of products synthesized in vitro is particularly valuable for the analysis of polymers that have an organized 3D structure. For instance, 13 C solid-state NMR spectroscopy allows the distinction between different allomorphs of (133)-b-D-glucans (Chuah and Sarko, 1983; Pelosi et al., 2003) . Also, in the case of cellulose, it may be used to estimate the degree of crystallinity of the polymer as well as the proportions of the I a and I b allomorphs in a given sample (Atalla and VanderHart, 1984; Heux et al., 1999; Lennholm et al., 1994) . Another application of solid-state NMR spectroscopy is the determination of the degree of acetylation of chitin and chitosan (Heux et al., 2000) , which can also be synthesized in vitro using cell-free extracts (Gay et al., 1993; Ruiz-Herrera and BartnickiGarcia, 1974; Ruiz-Herrera et al., 1975) . In the spectrum in Figure 3B , the signal corresponding to C3 is very broad and contains two parts reciprocally centered at 85.6 and 89.8 ppm. This result suggests that this sample contains two allomorphs of (133)-b-D-glucan. Indeed, the part of the signal centered at 89.8 ppm has been proposed to be characteristic of the occurrence of disordered chains in (133)-b-D-glucan crystals, whereas the part of the peak centered at 85.6 ppm has been described to be more specifically related to an organization of the glucan chains in triple helices (Chuah and Sarko, 1983) . The spectrum shown in Figure 3B suggests that the two allomorphs of (133) (Gibeaut and Carpita, 1993; Kerry et al., 2001; Kudlicka et al., 1995 Kudlicka et al., , 1996 Kudlicka and Brown, 1997; Lai Kee Him et al., 2002) . Our method should now make possible the chemical characterization of the polysaccharides synthesized in vitro by these enzymes. Its sensitivity is well illustrated by the relative ease in obtaining solid-state 13 C-NMR spectra with the same amount of in vitro product (100 mg) as required for liquid 13 C-NMR spectroscopy. Because solid-state NMR spectroscopy is a nondestructive technique that preserves the 3D structure of the polymer analyzed, the same sample can be successively studied by this method and by liquid NMR spectroscopy. In addition, solid-state 13 C-NMR spectroscopy allows the direct structural characterization of the different polysaccharides present in a given preparation. This is not always possible by liquid 13 C-NMR spectroscopy, especially when the sample contains some polymers that are poorly or not soluble in common solvents used for NMR analysis.
The possibility of using both liquid and solid-state 13 C-NMR spectroscopy for structural analysis of polysaccharides synthesized in vitro is of great interest for the study of plant glucan synthase preparations. In particular, it has been shown that active cellulose synthase preparations can be isolated from various plant species, but that the reaction mixtures recovered after in vitro synthesis always contain (133)-b-D-glucan and cellulose (Colombani et al., forthcoming; Kudlicka et al., 1995 Kudlicka et al., , 1996 Kudlicka and Brown, 1997; Lai Kee Him et al., 2002) . As opposed to cellulose, (133)-b-D-glucans are soluble in solvents like dimethyl sulfoxide and aqueous NaOH, which are commonly employed for sample handling in liquid NMR spectroscopy. Thus this last technique can be used to specifically identify (133)-b-D-glucans after solubilization in one of these solvents, whereas cellulose can be recovered in an insoluble form and characterized by solid-state 13 C-NMR spectroscopy. Such experiments are under way in our laboratory using enzyme preparations from hybrid aspen (Colombani et al., forthcoming) .
In addition, even in the case where a given sample contains a mixture of (133)-b-D-glucan and cello-oligosaccharides that are soluble in dimethyl sulfoxide, the distinction between (133)-b and (134)-b linkages can be readily made from the analysis of the spectra obtained by liquid 13 C-NMR spectroscopy. In particular, spectra obtained from solutions of cello-oligosaccharides are characterized by a signal at 80 ppm (Gast et al., 1980) , which is not present in the spectra corresponding to (133)-b-Dglucans (Bulone et al., 1995; Kogan et al., 1988; Lai Kee Him et al., 2001; Saito et al., 1979) . Conversely, a resonance signal at 86.3 ppm, which is characteristic of the C-3 involved in the glycosidic linkages of (133)-b-D-glucans (Kogan et al., 1988; Saito et al., 1979) , is not present in the spectra recorded from solutions of cello-oligosaccharides (Gast et al., 1980) . Also, even though the method was J.K. Fairweather et al. developed to facilitate the structural characterization of polysaccharides synthesized in vitro and not to assay glycosyltransferases, the ratios of different types of linkages in a given preparation can be estimated by NMR analysis. For instance, ratios of (133) to (134) linkages can be deduced from integrals corresponding to the C-3 and C-4 signals (Dais and Perlin, 1982) .
As opposed to enzyme preparations from most plants, detergent extracts from several members of the Poaceae family are able to synthesize mixed (133, 134)-b-Dglucans in vitro, in addition to (133)-b-D-glucans and cellulose (Gibeaut and Carpita, 1993; Meikle et al., 1991) . The (133, 134)-b-D-glucans can be distinguished from cellulose not only by their solubility in dimethyl sulfoxide but also from the analysis of the corresponding solid-state 13 C-NMR spectra. More precisely, spectra of crystalline cellulose are characterized by resonance signals at 65 and 90 ppm (Atalla and VanderHart, 1984; Atalla 1999) , which are not present in the spectra of mixed (133, 134)-b-Dglucans (Morgan et al., 1999) . Instead, the latter contain a signal of a very weak intensity at 92.2 ppm (Morgan et al., 1999) . (133, 134) (Cui et al., 2000; Dais and Perlin, 1982) . They are characterized by several signals at about 80 ppm arising from the interglycosidic C-4, which are not present in spectra corresponding to (133)-b-D-glucans (Cui et al., 2000; Dais and Perlin, 1982; Kogan et al., 1988; Saito et al., 1979) .
Overall, these observations show that the method presented is very powerful, especially when both liquid and solid-state 13 C-NMR spectroscopy are combined, because it allows distinction between polysaccharides that contain subtle structural differences. In most cases however, the situation is much simpler than for cell-free extracts from Poaceae, and the use of one of the two NMR techniques is usually sufficient for product characterization.
In addition to the advantages presented, the use of 13 Cenriched substrates demonstrates that the polymer analyzed was indeed synthesized de novo and not arising from the cell wall or the membrane preparation used for detergent extraction of the synthase. This is particularly important when enzymes that form major cell wall polysaccharides are studied. Also, unlike conventional biochemical approaches based on the use of radioactive substrates and specific glycoside hydrolases, the method described in the present work does not require any specific environment to perform the experiments and does not generate radioactive waste.
In conclusion, we have developed an efficient and sensitive method that allows a direct and unequivocal structural characterization of products synthesized in vitro by glycosyltransferases, by combining the use of 13 C-enriched sugar donors with 13 C-NMR spectroscopy analyses of the newly synthesized carbohydrates. The method described may be applied to the study of any glycosyltransferase, provided that the corresponding 13 C-enriched substrate can be obtained with significantly high yields by chemical or enzymatic synthesis. It is noteworthy that several protocols are already available for the synthesis of various nucleotide sugars, such as UDP-galactose (Hanessian et al., 1998; Wittmann and Wong, 1997) , GDP-mannose and GDPfucose (Wittmann and Wong, 1997), UDP-glucosamine and UDP-galactosamine (Rao and Mendicino, 1978) , UDP-galacturonic acid (Basu et al., 2000) , UDP-rhamnose (Barber and Behrman, 1991) , and UDP-arabinose (Zhang and Liu, 2001 ). This makes the method highly suitable for the study of many glycosyltransferases from various sources.
Materials and methods
Chemicals
All solvents and chemicals used were of analytical grade. D-[U-
13 C]Glucose was from Euriso-Top (Gif-sur-Yvette, France). UDP-D-[U-
14 C]Glucose (300 mCi mmol À1 ) and the liquid scintillation mixture were purchased from Isotopchim (Peyruis, France) and Amersham Biosciences (Little Chalfont, UK), respectively. 4-Morpholine-N, N H -dicyclohexylcarboxamidinium uridine 5 H -monophosphomorpholidate, 1H-tetrazole, a-D-glucose-1-phosphate, uridine diphosphoglucose, and all other chemicals, including the medium used for suspension cultures of plant cells, were bought from Sigma (St. Louis, MO).
Preparation of UDP-D-[U-
13 C]glucose 1 H-and 13 C-NMR spectra were recorded at 298 K for product analysis with a Bruker AC-300 ( Sabesan and Neira (1992) The purified D-[U-13 C]glucose-1-phosphate (107 mg, 0.29 mmol) was then dissolved in water (2 ml), coevaporated with pyridine (3 Â 10 ml) and further dried under vacuum for 2 h. 4-Morpholine-N,N H -dicyclohexylcarboxamidinium uridine 5
H -monophosphomorpholidate (300 mg, 0.44 mmol) and 1H-tetrazole (61 mg, 0.87 mmol) were dried Structural analysis of in vitro polysaccharides separately for 1 h before being dissolved in pyridine (2 ml). They were then added to the D-[U-
13 C]glucose-1-phosphate and the mixture was stirred at 25 C for 7 days. Water (2 ml) was added to the mixture and the organic solvent evaporated under reduced pressure. The residue was dissolved in aqueous NH 4 HCO 3 (0.1 M), stored as a lyophilized powder, and purified by gel filtration chromatography (BioGel P2) using NH 4 HCO 3 solution (0.1 M) as the elution solvent.
The fractions containing the nucleotide sugar were pooled and lyophilized to obtain a white powder (88 mg, 50%). The final product was characterized by NMR spectroscopy Pelosi et al. (2003) , except that taurocholate (0.3% final concentration) was used as a detergent instead of 3-([3-cholamidopropyl]dimethylammonio)-1-propane sulfonate. Typically, the culture of about 50 g of fresh cells (1±2 bottles containing 160 ml culture medium) allows the preparation of 25 ml detergent extract containing 1±2 mg protein per ml.
In vitro synthesis of (133)-b-D-glucan For in vitro synthesis of (133)-b-D-glucan, the active synthase present in the taurocholate extract (6 ml) was incubated in a total volume of 24 ml of a reaction mixture containing 100 mM MOPS/NaOH buffer (pH 6.8), 8 mM CaCl 2 , 20 mM cellobiose, and 1 mM UDP-D-[U-
13 C]glucose (final concentrations). The in vitro product was recovered by low-speed centrifugation after 1 h incubation at 25 C. To determine the yield of (133) C by the addition of five volumes of absolute ethanol. The product was precipitated overnight at À20 C and filtered through glass-fiber filters. It was successively washed with 4 ml water and 4 ml absolute ethanol. The amount of radioactive polysaccharide retained on the filter was determined by scintillation counting, using 4 ml scintillation cocktail.
Even though in vitro experiments performed in the conditions described have previously shown that (133)-b-D-glucan is the only product synthesized in the reaction mixture (Lai Kee Him et al., 2003) , a control that consisted of testing the sensitivity of the radioactive polymer to glycoside hydrolases was prepared. The in vitro product was completely hydrolyzed by a specific endo-(133)-b-D-glucanase (laminarinase from mollusk, Sigma) under the conditions described by Pelosi et al. (2003) , confirming it to be the only polysaccharide synthesized by the detergent-extracted glucan synthase.
Structural analysis of the in vitro product by 13 C-NMR spectroscopy A total amount of 100 mg 13 C-enriched in vitro product was used for both liquid-and solid-state NMR spectroscopy. This amount was calculated from the quantitative in vitro synthesis experiments performed with radioactive substrate instead of UDP-D-[U- 13 C] glucose, in the conditions described. The in vitro product recovered by low-speed centrifugation as indicated in the previous section was purified as previously described . It was then lyophilized and either used directly for solid-state NMR spectroscopy or dissolved in (CD 3 ) 2 SO for liquid NMR spectroscopy.
Analysis by liquid 13 C-NMR spectroscopy was performed with a Bruker AC 300 spectrometer operated at 295 K and 75.5 MHz. The central peak of the (CD 3 ) 2 SO multiplet was used as a reference.
For solid-state NMR spectroscopy, the spectra were recorded with a Bruker Avance spectrometer operated at a 13 C frequency of 100 MHz, using the combined techniques of proton dipolar decoupling, magic angle spinning, and cross-polarization. The cross-polarization transfer was achieved using a ramped amplitude sequence for an optimized total contact time of 1 ms (Peersen et al., 1993) . The spinning speed was set at 8 kHz. A sweep width of 50,000 Hz and a recycled delay of 4 s were selected. A typical number of 1000 scans was acquired. Chemical shifts were referred to tetramethylsilane after external calibration with the carbonyl signal of glycine at 176.03 ppm.
